Refracted arrivals are analysed to estimate the sea-oor anisotropy using a vertical cable con guration. In the presence of dip, the horizontal and vertical slownesses are obtained from the observed apparent slownesses in the up-and down-dip direction using a sum and di erence at each azimuth. Analysis of the azimuthal variation involves considering three TIH models with dips of 0 , 5 and 10 , respectively. The multiple azimuths generated by the vertical cable con guration permit the phase-slowness distribution of the sea-bed sediment t o be determined. A least square t to the slownesses provide the dip and its direction of the sea-oor, the degree of anisotropy, and the symmetry axis direction of the TIH medium.
Introduction
Sea-bed properties play an important role in marine seismics, particularly for sea-bed multicomponent seismics because they signi cantly in uence the amplitudes, phases, and travel times of seismic waves. As a potential exploration technique, vertical cable seismic uses vertical arrays of hydrophones deployed in the water column and a conventional air gun array source to acquire 3-D marine data Havig and Krail, 1996; Krail 1991 . The concept can also provide a novel approach to seismic refraction surveying of sea-bed sediments Hunter and Pullan, 1990 . Indeed, refraction travel times of sea-bed sediments can be obtained from this acquisition at any azimuth. This full azimuthal coverage of information is essential for the investigation of sea-bed anisotropy. The technique used here is analogous to the local phaseslowness method in vertical seismic pro le VSP. In the VSP case, the anisotropic phase-slowness surface local to a receiver array is determined by arrival times measured from a wide-aperture walkway shot spread Gaiser,1990; Miller and Spencer, 1994; MacBeth, 1998; Ohlsen and MacBeth, 1998 . The technique requires the assumption of a horizontally layered medium, but may be adapted to accommodate small overburden dips Sayers, 1997 . In the present case, the phaseslowness distribution of the sea-bed is also determined using a surface shot spread. The dip and direction of the sea-bed will also be estimated.
Travel time equations for the refracted arrivals
Refraction at the sea-bed is illustrated in Figure 1 
Synthetic and eld data examples
To illustrate the e ect of dip, three models with dips of 0 , 5 , and 10 respectively are examined, assuming that the water velocity V1 = 1475m=s, the dip direction ' d = 3 0 , and the sea-bed is a TIH medium with parameters v0 = 2000m=s, = 0 :09, = 0 :11; ' a = 6 0 .
The azimuthal variations of apparent horizontal slowness, apparent v ertical slowness, horizontal and vertical slownesses are shown in Figure 2 , which indicate that the dip has a signi cant e ect. The shapes of the curves change greatly for dips up to 5 . Thus, we can not ignore these errors in the apparent slowness if the sea-bed is assumed to be horizontal. This method is also applied to a eld vertical cable data shown in Figures 3 and 4 . The data are acquired by 12 cables, each of which has 16 hydrophones distributed vertically at 25 feet intervals. There is almost full azimuthal source coverage and also o sets ranging from 0 to 4000 meters. The apparent horizontal slowness shown in Figure 3a , is estimated by a local linear regression of the refracted travel times for a common receiver gather as a function of o set along each direction. The apparent v ertical slowness shown in Figure 3b , is estimated by a linear regression of the refracted travel times along the vertical array, for a common source oset but di erent receiver height. There are 70 azimuths ranging from 0 to 360 to be calculated in Figure 3a and Figure 3b . Figure 3c shows the variation of horizontal slowness with azimuth calculated from equation 6 and a best t of equation 14 to the data by the least square method. Figure 3d shows the variation of vertical slowness with azimuth calculated from equation 18 and a best t of equation 20 to the data. It is seen that the variations of horizontal and vertical slownesses with azimuth are well approximated by equations 14 and 20, respectively. Figure 4a shows the variation of slowness calculated from equation 22 with azimuth and a best t of the data to the expression S = a + bcos2 , 'a:
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The calculated result indicates that a = 5:13 10 ,4 s=m, b = ,1:28 10 ,5 s=m and 'a = 3 9 . Therefore, the sea-bed has approximately 5 anisotropy and the direction of the symmetry axis is 39 , assuming a TIH or orthorhombic model. Figure 4b shows the tangent o f calculated by equation 23 with azimuth and a best t of equation 3 to the data. As a result, the real dip of the sea-bed is estimated as 3 , and the dip direction is 81:5 . 
Conclusions
A refraction method has estimated the anisotropic properties of the sea-bed sediments from vertical cable seismic data in the presence of dip. Numerical tests show that when dips exceed 5 , signi cant errors may occur in the use of the phase-slowness approach based solely on horizontal layers. The new method yields a phase-slowness distribution independent of dips for a range of azimuths using refracted waves from vertical cable seismics. The degree of anisotropy, the direction of the symmetry axis, the dip and the direction of the sea-bed can then be determined by a least square inversion of the slowness. Application to eld data yields an estimation of 5 azimuthal anisotropy, a 3 degree dip with a direction of 81.5 degrees.
